The organization of transmembrane receptors into higher-order arrays occurs in cells as different as bacteria, lymphocytes and neurons. What are the implications of receptor clustering for short-term and long-term signaling processes that occur in response to ligand binding?
for serine (Tsr) and aspartate (Tar) are abundant and are referred to as the major receptors; the receptors for ribose/galactose (Trg), peptides (Tap) and redox potential (Aer) are present at much lower levels and are called the minor receptors. There is growing evidence against the idea that receptor dimers are the functional signaling unit. In the many different species of bacteria studied, receptors are predominantly localized at one cell pole [5, 6] , where they form an enormous cluster. It is estimated that, in E. coli, the cluster contains several thousand receptors [7] , the cytoplasmic coiled-coil domains of which participate in a high-order assembly [8] . The thousands of receptor signaling domains in such clusters probably interact with hundreds of CheA kinase molecules. The chemotaxis signaling array exhibits a high 'gain' or signal amplification: a substantial chemotactic response is produced by very small changes in ligand concentration, and presumably very small changes in overall receptor occupancy [9, 10] . One explanation for this could be that occupancy of one receptor affects numerous neighbouring receptors, so that many molecules of CheA kinase can be regulated by a single ligand binding event [11] .
All of the receptors are subject to dual feedback control of their signaling activity via the enzymes CheR and CheB. Ligands that modulate the receptor equilibrium towards kinase inactivation -an increase in attractant or decrease in repellent -also induce CheR-catalyzed methylation of the receptor on up to four specific glutamate residues in the coiledcoil region. The effect is to shift the receptor equilibrium back to the prestimulus state, thereby achieving adaptation to the new conditions. In response to conditions that shift the receptor equilibrium towards kinase activation -a decrease in attractant or increase in repellent concentration -the receptor methylesterase CheB becomes activated, resulting in receptor demethylation and adaptation. Glutamyl methylation neutralizes the anionic charge on this amino-acid side chain, whereas demethylation restores the negative charge; CheR and CheB thus regulate the charge density within the thicket of clustered receptor coiled-coil domains.
Further biochemical complexity in the chemotaxis signaling system is indicated from the recent finding that CheB is essential for the chemotactic gain, whereas CheR is not [10] . So CheB has at least two roles to play, those of adaptation and amplification, but we know nothing about how it functions in the latter process. Ligand-induced responses happen on two time scales: CheA kinase regulation is rapid, whereas receptor methylation is a slower phenomenon. In a sense therefore, the methylation/demethylation reactions impart a molecular memory to the receptor signaling mechanism [12] .
All five members of the E. coli chemoreceptor family appear to be interspersed throughout the polar receptor cluster. Some of the earliest functional evidence that receptors function within higher-order assemblies came from studies of receptor covalent modification. CheR and CheB bind to receptors via a pentapeptide sequence that is present at the carboxyl terminus of only the major receptors, Tsr and Tar [13] . As this motif is missing from the three minor receptors,Trg, Tap and Aer, these receptors must be present in clusters with Tsr and Tar in order to be properly methylated/demethylated [14, 15] . There is abundant evidence of such methylation crosstalk between the major and minor receptors [16] 
